Cells of Candida albicans strain WO-1 and related strains switch frequently and reversibly between a white-colony-forming unit (white phase) and a gray-colony-forming unit (opaque phase). Cells in the budding white phase exhibit the usual smooth round phenotype observed in other C. albicans strains, but cells in the budding opaque phase exhibit a unique elongate shape with surface pimples or protrusions. In this study, it was demonstrated that opaque cells formed hyphae at low to negligible levels in suspension cultures but could be induced to form hyphae at high levels when anchored to the chamber wall of a perfusion chamber or to a monolayer of human skin epithelial cells. Variability in the proportion of hyphae formed between experiments appeared to be due to variability between individual opaque clones. The hyphae formed by opaque cells were morphologically identical to hyphae formed by white cells (i.e., they were devoid of pimples or protrusions and exhibited the same shape and septal locations). They also did not stain with an opaque-specific antiserum which differentially stained opaque budding cells in a punctate fashion. However, when stimulated to form buds, opaque hyphae formed opaque-shaped daughter buds, demonstrating that although they are morphologically similar to hyphae formed by white cells, they are genetically opaque.
Cells of Candida albicans strain WO-1 can switch back and forth at high frequency between two major phenotypes, white and opaque (1, 12, 14, 18, 22) . In the white phenotype, cells form smooth white colonies (13) ; in the opaque phenotype, cells form wider, flatter gray colonies (1, 14) . The white-opaque transition affects not only colony phenotype but cellular phenotype as well (1, 14) . White budding cells are oval to round in shape and bud with the same pattern as does the standard laboratory strain 3153A (5) . In marked contrast, opaque cells are elongate and bean shaped, exhibit roughly twice the volume and mass as do white cells, and contain a large vacuole (1, 14) . The budding pattern is similar to that of white cells but sometimes includes bipolar budding, a condition rarely observed in white cell cultures (14) . Opaque cells also differ from white cells in wall morphology, exhibiting unique bumps, or pimples, evident in scanning electron micrographs (1) and possessing a punctate-staining opaque-specific surface antigen which may be related to the pimple (1) . White and opaque cells contain roughly the same amount of DNA (14) .
Using the method of pH-regulated dimorphism (4, 17) , we originally reported that although white budding cells could be induced to form hyphae by dilution of stationary-phase cells into fresh medium at 37°C, pH 6.7, opaque cells were uninducible (14) . When stationary-phase cells in the opaque phase were diluted into fresh medium at 37°C, pH 6.7, they formed elongate buds which expanded into the bean-shaped cells characteristic of budding opaque cells rather than forming hyphae (14) . It was noted at that time (14) that if the opaque phase of WO-1 and related strains was involved in pathogenesis, one would have expected opaque cells to form tissue-penetrating hyphae. Strains exhibiting the whiteopaque transition have been isolated from both systemic and vaginal infections (14, 21) . In this report, we demonstrate * Corresponding author.
that opaque cells can indeed be induced to form hyphae when immobilized on the surface of a perfusion chamber or on the surface of a monolayer of human skin epithelial cells. Surprisingly, the hyphae formed by opaque cells are devoid of the wall pimples unique to budding opaque cells and do not exhibit punctate staining with opaque-specific antiserum. These results are discussed in terms of developmental gene regulation and switching.
MATERIALS AND METHODS
Maintenance of strain WO-1. C. albicans strain WO-1 was originally isolated from the blood and lungs of a bone marrow transplant patient at the University of Iowa Hospitals (14) . Stock cultures were maintained on agar slants (19, 23) . For experimental purposes, cells from a stock culture were clonally plated on amino acid-rich nutrient agar containing the ingredients of Lee et al. (6) supplemented with arginine and zinc sulfate (2) . A white colony was picked for cells in the white phase, and an opaque colony was picked for cells in the opaque phase (see Results for a description of white and opaque colony discrimination; 1, 14). For suspension cultures, cells were inoculated into 125-ml plastic Erlenmeyer flasks containing defined medium (2) (20) . In brief, 1.5 x 107 cells per ml from a stationary-phase culture (described above) were released into fresh defined nutrient medium adjusted to pH 6.7 and prewarmed to 37°C. The cells were immediately placed on one of the walls of the chamber, which was either uncoated or coated by preincubation for 2 min with 0.1% polylysine at room temperature or for 2 h in 20 ,ug of human plasma fibronectin per ml (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) at 37°C. The opposing uncoated chamber wall was immediately set in place, and defined nutrient medium at 37°C, pH 6.7, was continuously perfused through the chamber at a rate of 0.4 to 0.5 ml/min. (24) and then plating and growing the cells in vitro in the media and by the methods described in detail by Rheinwald and Green (11 
RESULTS
White-opaque transition. When cells of strain WO-1 are removed from a storage streak on agar and plated at low density on fresh nutrient agar, the majority of colonies exhibit a creamy white phenotype (white) and a minority exhibit a larger, flatter gray phenotype (opaque). If cells from a white colony are in turn plated, the majority of colonies are white and the minority are opaque. The frequency of opaque colonies in this latter plating varies from roughly 10-2 to 10-4. If cells from an opaque colony are in turn plated, the majority of colonies are opaque and the minority are white. The frequency of white colonies in this plating varies from roughly 10-2 to 10-3. In both cases, minor colony sectors of the alternative colony phenotype are discernible, especially when phloxine B is added to the agar (phloxine B preferentially stains opaque cells; 1).
Outgrowth under the regimen of pH-regulated dimorphism. To stimulate hypha formation in standard laboratory strains of C. albicans (e.g., 3153A) under the regimen of pHregulated dimorphism (4, 17) , cells are grown at 25°C in amino acid-rich medium (2, 6) to stationary phase. After 24 h in stationary phase, the unbudded singlets, which accumulate as a result of zinc starvation (2, 16) , are diluted into fresh medium at 37°C, pH 6.7. After an average lag period of 130 to 140 min, 3153A cells evaginate synchronously, and each evagination elongates into a hypha. If stationary-phase cells are diluted into fresh medium at 37°C, pH 4.5, cells evaginate after roughly the same average lag period, but each evagination expands into an ovoid yeast cell. This regimen of pH-regulated dimorphism was applied to cells of the alternative phases of the white-opaque transition of strain WO-1.
At stationary phase in liquid medium at 25°C, the majority of white cells accumulated as unbudded round cells (Fig.  1A) . When diluted into fresh medium at 37°C, pH 6.7, white cells evaginated semisynchronously, with an average evagination time of approximately 135 min and maximum evagination of roughly 80% ( Fig. 2A) . Each evagination elongated into a hypha (Fig. 1E) . When diluted into fresh medium at 37°C, pH 4.5, white cells evaginated with an average evagination time of approximately 185 min and maximum evagination of roughly 80% (Fig. 2B) . In contrast to results with standard laboratory strain 3153A (4, 17), a significant proportion of evaginations (between 30 and 80% in independent experiments) again elongated into hyphae (Fig. 1C) ; the remaining evaginations expanded into ovoid buds.
At stationary phase at 25°C, the majority of opaque cells accumulated as unbudded elongate cells exhibiting the standard opaque phenotype (Fig. 1B) . When diluted into fresh medium at 37°C, pH 6.7, opaque cells evaginated semisynchronously, with an average evagination time of approximately 145 min and maximum evagination of roughly 80% ( Fig. 2A) . Each evagination expanded into an elongate cell with the unique opaque-cell morphology (Fig. 1F) . When diluted into fresh medium at 37°C, pH 4.5, opaque cells evaginated with an average evagination time of approximately 150 min and maximum evagination of roughly 80% (Fig. 2B) . Each evagination again expanded into an elongate opaque cell (Fig. 1D ). These results demonstrate that under the regimen of pH-regulated dimorphism, cells in the white 4.5 (note that under this regimen, white cells still make hyphae rather than buds, in contrast to laboratory strain 3153A); (D) bud formation by stationary-phase opaque cells 180 min after dilution into fresh nutrient medium, 37°C, pH 4.5; (E) hypha formation by stationary-phase white cells 180 min after dilution into fresh nutrient medium, 37°C, pH 6.8; (F) bud formation by stationary-phase opaque cells 180 min after dilution into fresh nutrient medium, 37°C, pH 6.8. Magnification, x563.
phase form hyphae at both high and low pH, but cells in the opaque phase form opaque-shaped cells in the budding phase at both pHs.
Formation of hyphae by opaque cells. When stationaryphase cells of laboratory strain 3153A were inoculated into a Sykes-Moore chamber with polylysine-coated walls and perfused with fresh medium at 37°C, pH 6.7, they evaginated after an average lag period of 130 to 150 min, and each evagination elongated into a hypha (5). When stationaryphase cells of strain WO-1 in the white phase were inoculated into a chamber and perfused with medium at 37°C, pH 6.7, they also formed hyphae (Fig. 3D ). To our surprise, when stationary-phase cells in the opaque phase were inoculated into a chamber and perfused with medium, a proportion of the cells formed elongate hyphae (Fig. 3A to C) . Although initial experiments suggested that hypha induction in opaque cells was facilitated by aeration or the nature of the treated surface, repeat experiments demonstrated that the proportion and variability of hypha formation were relatively independent of aeration or the nature of the surface coat (uncoated, fibronectin coated, or polylysine coated) of the glass Sykes-Moore chamber wall ( Table 1) .
The extreme variability in hypha formation between experiments (see standard deviations in Table 1 ) appeared to be a result of clonal variability. Variability within a clone appeared to be less than variability between clones (Table 2 ). This point is demonstrated by an analysis of variance. The mean square between the clones in Table 2 pH 6.7 (see Materials and Methods for details), in small petri dishes at 37°C, they formed hyphae (Fig. 4B) .
Surface morphology of opaque-cell hyphae. Opaque cells with the budding phenotype exhibit not only a unique asymmetric bean shape but also a unique surface morphology when viewed by scanning electron microscopy (1). Over the entire surface of each mature budding cell, either pimples ( Fig. SA and C) or small protrusions ( Fig. 5B and D) are evident. This surface morphology contrasts dramatically with the smooth surface of buds and hyphae of cells in the white phase (1) .
The hyphae formed by opaque cells were largely devoid of pimples or protrusions (Fig. 5 ) and appeared in all respects similar to the hyphae formed by white cells. Septal rings were evident along several of the hyphae at distances from the mother cell-tube junction measured in previous studies by Calcofluor staining (9) .
Absence of the opaque-cell antigen on opaque-cell hyphae. The punctate pattern of pimples and protrusions on the opaque-cell wall is paralleled by a punctate staining pattern with an antiserum generated against opaque cells and absorbed with hypha-forming white cells (1) . This absorbed antiserum does not stain white budding cells or white hyphaforming cells (1) . Figure 6 shows examples of hypha-forming opaque cells stained with this absorbed antiserum by indirect immunofluorescence (see Materials and Methods). It should be noted that these cells had not been permeabilized; therefore, staining was confined to the wall. When one compares fluorescent micrographs (Fig. 6A, C , and E) with phase- (4) . After an additional 240 min, hyphae had formed lateral and apical buds with the unique opaque-cell morphology (Fig. 7) . Therefore, although morphologically distinct opaque and white mother cells generated hyphae with identical phenotypes, the opaque hyphae were still in the opaque phase.
DISCUSSION
C. albicans and related species possess two levels of phenotypic regulation. At the basic level of cellular differentiation, each of these dimorphic species is able to differentiate between a budding growth form and a hyphal growth form (10, 17) , and environmental cues can be used in vitro to initiate this phenotypic transition in either direction (10, 15, 17) . Recently, it was demonstrated that a second highfrequency phenotypic switching system was superimposed on the basic dimorphic transition (1, 13, 14, 18) . In contrast to the dimorphic transition, which can be induced in every cell and which no doubt involves the developmental modulation of gene expression by the environment, switching occurs at a far lower frequency (10-2 to 10-4) and very likely involves reversible changes in the genome which in turn affect gene expression (18) . In the white-opaque transition, it is clear that the switch from the white to the opaque phase involves fundamental changes in the expression of the budding phenotype (1) and thus provides us with an excellent situation for investigating the interactions between the two systems of phenotypic regulation.
In this report, we have demonstrated that although opaque cells cannot be induced to form hyphae in suspension under the regimen of pH-regulated dimorphism (14) , they can be induced to form hyphae when adhering to the wall of a Sykes-Moore chamber. It appears that at least in a chamber, neither aeration nor coating of the surface with polylysine or fibronectin has a significant effect on the proportion of cells which form hyphae when anchored to the chamber wall. Statistically significant variability was observed between opaque clones. Some clones exhibited low hypha formation (e.g., 0 to 4% in clone 9), whereas others exhibited high levels of hypha formation (e.g., 53 to 90% in clone 6). Although all opaque clones formed colonies with the same gray phenotype and exhibited the same unique opaque-cell phenotype, they were probably not identical. The highly mobile, moderately repetitive DNA sequence Ca7 is repeated 20 to 30 times in the genome and exhibits extraordinary mobility in strain WO-1 (1, 21) . Opaque clones isolated in parallel or in sequence after very short periods of time (3, 7, 17) . One can therefore assume that there are a limited number of genes differentially expressed between the bud and hyphal growth forms (17) . When a cell of strain WO-1 switches to the opaque phase, the budding phenotype is altered in a dramatic fashion, including changes in virtually all aspects of wall and cytoplasmic morphology (1, 14) . Therefore, the switch to the opaque phase may effect repression of one or more standard bud-specific genes, partial expression of hypha-specific genes (a hypha-specific antigen is expressed in opaque budding cells; 1), expression of opaque-specific genes (an opaque-specific antigen is expressed in opaque budding cells; 1), or all of these possibilities. In contrast, the switch to the opaque phase has no overt effect on hyphal morphology, which suggests that the switch has no effect on the repertoire of genes differentially expressed in the hyphal growth form. This discussion points to the need for investigations into the role of differential gene expression in the bud-hypha transition, a surprisingly neglected area of research, and into the effects of switching on bud-hypha gene regulation.
